Adhesion of cells to an extracellular matrix is characterized by several discrete morphological and functional stages beginning with cell-substrate attachment, followed by cell spreading, migration, and immobilization. We find that although arachidonic acid release is rate-limiting in the overall process of adhesion, its oxidation by lipoxygenase and cyclooxygenases regulates, respectively, the cell spreading and cell migration stages. During the adhesion of NIH-3T3 cells to fibronectin, two functionally and kinetically distinct phases of arachidonic acid release take place. An initial transient arachidonate release occurs during cell attachment to fibronectin, and is sufficient to signal the cell spreading stage after its oxidation by 5-lipoxygenase to leukotrienes. A later sustained arachidonate release occurs during and after spreading, and signals the subsequent migration stage through its oxidation to prostaglandins by newly synthesized cyclooxygenase-2. In signaling migration, constitutively expressed cyclooxygenase-1 appears to contribute ϳ25% of prostaglandins synthesized compared with the inducible cyclooxygenase-2. Both the second sustained arachidonate release, and cyclooxygenase-2 protein induction and synthesis, appear to be regulated by the mitogen-activated protein kinase extracellular signal-regulated kinase (ERK)1/2. The initial cell attachment-induced transient arachidonic acid release that signals spreading through lipoxygenase oxidation is not sensitive to ERK1/2 inhibition by PD98059, whereas PD98059 produces both a reduction in the larger second arachidonate release and a blockade of induced cyclooxygenase-2 protein expression with concomitant reduction of prostaglandin synthesis. The second arachidonate release, and cyclooxygenase-2 expression and activity, both appear to be required for cell migration but not for the preceding stages of attachment and spreading. These data suggest a bifurcation in the arachidonic acid adhesion-signaling pathway, wherein lipoxygenase oxidation generates leukotriene metabolites regulating the spreading stage of cell adhesion, whereas ERK 1/2-induced cyclooxygenase synthesis results in oxidation of a later release, generating prostaglandin metabolites regulating the later migration stage.
INTRODUCTION
Cell adhesion to the extracellular matrix (ECM) is a sequential process of discrete temporal stages. Detached cells, e.g., leukocytes, metastasized cancer cells, or suspension-cultured cells, initially attach to an ECM protein substrate by means of plasma membrane receptors. Attached cells then undergo spreading, which results in flattening and the formation of focal adhesions. Subsequently, some cell types undergo migration on the ECM, whereas others remain stationary. Each of these stages of adhesion, i.e., attachment, spreading, migration, and immobilization, involves changes in morphology and cytoskeletal structure that are regulated by incompletely defined protein kinase and lipid second messenger pathways (reviewed in Huttenlocher et al., 1995; Heidemann and Buxbaum, 1998; Schwartz and Baron, 1999) .
Our previous work with HeLa cells characterized a lipid and kinase-mediated signaling pathway regulating the attachment and spreading stages of cell adhesion on collagen. That work centered on the phospholipase A2 (PLA2)-mediated release of arachidonic acid (AA) from membrane phospholipids; stimulated by integrin receptor clustering that occurs during cell attachment to ECM. Oxidation of AA by a lipoxygenase (LOX), but not by cyclooxygenases (COXs), was required for subsequent activation of protein kinase C to enable cell spreading Jacobson, 1992, 1993; Auer and Jacobson, 1995) . PLA2-mediated AA release was also shown to be a requirement for ␤1-integrin-mediated NIH-3T3 cell spreading on a fibronectin (FN) matrix (Whitfield and Jacobson, 1999) .
The 85-kDa cytosolic PLA2 (cPLA2) is a major source of intracellular AA release in signal transduction, because it exhibits specificity for phospholipids with AA in the sn2 position, whereas calcium-independent PLA2 (iPLA2) and the secretory PLA2 (sPLA2) do not show the same preference (reviewed in Murakami et al., 1997; Balsinde et al., 1999) . AA participates in multiple signaling pathways by providing substrate to three types of oxidative enzymes, LOXs, COXs, and epoxygenase (EOX), all of which participate in diverse signal transduction pathways (reviewed in Piomelli, 1993; Seeds and Bass, 1999) .
Epoxygenase metabolites are not known to be involved in cell adhesion although there are reports suggesting that they act in other signaling pathways (Madamanchi et al., 1998; Chen et al., 1999) . Conversely, the LOX and COX pathways are widely involved in signaling a variety of cellular functions. The major lipoxygenases are 5-, 12-, and 15-LOX. The 12-and 15-LOXs form hydroxyeicosatetraenoic acids (HETEs), and 5-LOX catalyzes the formation of 5-HETE and leukotrienes (LTs). HETEs and LTs are known to be involved in some aspects of adhesion (Damtew and Spagnuolo, 1997; Trikha and Honn, 1997; Rice et al., 1998; Honda et al., 1999) as well as inflammation (Lee et al., 1997; Natarajan et al., 1997; Conrad, 1999) . There are two COX isoforms. COX-1 is constitutively expressed in many tissues, generating basal levels of prostaglandins for "housekeeping" functions. COX-2 is the product of an inducible immediate-early gene, and its synthesis is rapidly up-regulated by a variety of mitogens, generating prostaglandins involved in inflammation. Overexpression of either COX-1 or COX-2 has been reported to induce malignant transformation in some cells (DuBois et al., 1996; Oshima et al., 1997; Sheng et al., 1997; Tsujii et al., 1997; Sheng et al., 1998; Tsujii et al., 1998) .
Interest has also focused recently on the role of the mitogen-activated protein kinases, particularly the p42-p44 extracellular signal-regulated kinases 1 and 2 (ERK1/2), in regulating various aspects of the arachidonate adhesionsignaling pathway. ERK1/2 are known to be rapidly activated by phosphorylation immediately after cell contact with the ECM (Chen et al., 1994; Takahashi and Berk, 1996; Heuertz et al., 1997; Wei et al., 1998; Redlitz et al., 1999) . It was previously suggested that their activity might be a requirement for cPLA2 activation and subsequent cell spreading (Clark and Hynes, 1996; Cybulsky and McTavish, 1997) . However, it has been shown also that inhibition of ERK activation does not limit spreading in several types of cells (Reszka et al., 1997; Crawford and Jacobson, 1998; Miranti et al., 1999) . Other work also indicated that ERK1/2 may be overexpressed in some highly motile transformed cell lines, and its activity is in fact required for migration in several primary and tissue culture cell lines (Chikahisa et al., 1997; Graf et al., 1997; Klemke et al., 1997; Hinton et al., 1998; Lundberg et al., 1998; Ogura and Kitamura, 1998; Xi et al., 1999) . These studies taken together suggest that ERK1/2 might be involved in regulating the migration stage of cell adhesion, but not the preceding spreading stage.
This presents an interesting question: How might ERK1/2 activated during the spreading stage regulate later migration without influencing spreading? ERK1/2 is known to mediate the up-regulation of the inducible COX-2 in several mitogen-response assay systems, particularly in signaling pathways stimulated by interleukins and growth factors (Niiro et al., 1998; Sheng et al., 1998; Subbaramaiah et al., 1998; Zakar et al., 1998; Adderley and Fitzgerald, 1999; Barry et al., 1999) . A relationship between ERK1/2 and COX-2 synthesis has not yet been suggested or examined with respect to cell-extracellular matrix substrate adhesion, however. Independent of those studies, COX-2 activity and production of prostaglandins was shown to be involved in cell migration in several other experimental systems, but also without mention of any relationship to ERK1/2 (Tsujii and DuBois, 1995; Kreuzer et al., 1996; Daniel et al., 1999) . These various studies suggest that AA, LOX, COX, and ERK1/2 are all involved in cell adhesion, but how these second messengers interact is not yet clearly defined.
The HeLa cell-collagen spreading pathway previously characterized showed that oxidation of AA by a lipoxygenase, but not either of the cyclooxygenases or epoxygenase, was required for spreading. Additionally, ERK1/2 was rapidly phosphorylated during adhesion of HeLa cells, although cell spreading was not affected by inhibition of its activation (Crawford and Jacobson, 1998) . It was similarly shown by others that inhibition of ERK1/2 activation by a dominant negative Ras in NIH-3T3 cells did not affect cell spreading, although it did significantly reduce PLA2-mediated AA release, calling into question whether AA release was a requirement for spreading in these cells (Clark and Hynes, 1996) . We showed that AA release was required for NIH-3T3 cell spreading (Whitfield and Jacobson, 1999) , and our later data indicated this spreading was not sensitive to ERK1/2 inhibition. It remained to be explained why the decrease in ERK1/2-mediated PLA2 activity seen by others did not affect spreading in NIH-3T3 cells, although AA release was required for spreading. We proposed to test whether a kinetic or mass effect of AA release regulated by ERK1/2 is involved in signaling cell spreading or a later stage of adhesion, and what relationship this might have to a potential induction of COX-2 expression.
Interestingly, in HeLa cells LOX metabolism of AA signaled spreading; however, AA release continued even after spreading was complete (Auer and Jacobson, 1995) . A similarly sustained AA release after spreading in initial assays was noted in NIH-3T3 cells as well. It therefore seemed possible that a modulation in AA oxidation could potentially regulate the transition from cell spreading to migration, based on a shift from early LOX-dominated oxidation of AA to a later oxidation by COX. An ERK1/2-mediated induction of COX-2, to make use of such a sustained AA release as an oxidation substrate to generate metabolites required for migration, would demonstrate one clear function for the adhesion-stimulated activation of ERK1/2 in the absence of any role for it in spreading. We therefore hypothesized that the induction of and increased oxidative activity by COX-2 during adhesion provides a mechanism that shifts AA metabolism from the LOX-dominated oxidation neces-sary for the cell spreading stage of cell adhesion to a COXdominated oxidation essential for the migration stage.
Herein, we show that during NIH-3T3 cell spreading and migration on fibronectin, a kinetically and functionally distinct biphasic AA release occurs. A small transient ERK1/2-independent release is detectable within the first 5 min of cell plating, and is sufficient to signal 80 -90% of control levels of spreading by means of oxidation to leukotrienes by 5-lipoxygenase. A later appearing and sustained AA release is partially sensitive to ERK1/2 inhibition and is not required for spreading, but does signal migration by means of oxidation to prostaglandins, predominantly by cyclooxygenase-2. Finally, we show that blockade of ERK1/2 activation prevents both the induction of COX-2 synthesis and downstream cell migration. Taken together, these data support the idea of a kinetic and functional divergence in the AA adhesion pathway, where metabolites generated from LOX oxidation of transiently released AA support initial spreading in an ERK-independent manner, whereas later-appearing COX-2 metabolites derived from a second sustained AA release influence postspreading migration. ERK1/2 appears to have a dual role in regulating the transition from spreading to migration, by both inducing the expression of COX-2, and by enhancing the later sustained AA release to provide additional substrate for the COX-mediated production of prostaglandins required for signaling migration.
MATERIALS AND METHODS

Reagents
NIH-3T3 cells were from American Type Culture Collection (Rockville, MD). Cells were maintained as subconfluent monolayers in DMEM supplemented with 10% (wt/vol) calf serum (Atlanta Biologicals, Atlanta, GA), 100 g/ml dihydrostreptomycin, and 60 U/ml penicillin (Sigma, St. Louis, MO), in a humidified 37°C incubator with 5% CO 2 . For most assays, cells were serum-starved for 24 h in serum-free DMEM with 0.5% fatty-acid-free bovine serum albumin (BSA). Tissue culture plates and flasks were from VWR (West Chester, PA). Tritium-labeled AA (specific activity ϭ 200 -230 Ci/mmol) was from American Radiolabeled Chemicals (St. Louis, MO). Fatty-acid-free AA was from Cayman Chemical (Ann Arbor, MI). Mepacrine (quinacrine), a PLA2 inhibitor; PD98059, which specifically prevents phosphorylation of ERK1/2/by inhibition of mitogen-activated protein kinase kinase (MEK)1; AACOCF3, a selective inhibitor of both cPLA2 and iPLA2; HELSS, a specific inhibitor of iPLA2 only, and resveratrol, a COX-1 specific inhibitor were all from CalBiochem (San Diego, CA). SC236, a specific inhibitor of COX-2, was a gift from Searle (Skokie, IL). AA-861, a specific 5-LOX inhibitor, and baicalein, a 12-LOX inhibitor, were from BIOMOL (Plymouth Meeting, PA). PD146176, a 15-LOX specific inhibitor, was a gift from Parke-Davis (Morris Plains, NJ). FN and BSA were from Sigma.
Cell Spreading and Inhibition Assays
Cells were detached and prepared as previously described with some minor modifications (Whitfield and Jacobson, 1999) . Briefly, serum-starved cells were detached with 0.01% trypsin-EDTA in Hanks' balanced salt solution (HBSS), washed with 0.01% trypsin inhibitor in HBSS, and resuspended in fresh serum-free DMEM-BSA with or without indicated inhibitors and/or metabolites, at concentrations indicated in figure legends. Cell density was adjusted to 1-2 ϫ 10 5 cells/ml at parity between control and treated cells. Cells treated with most inhibitors or other agents were incubated for 15-30 min, depending on inhibitor, at room temperature on a reciprocal shaker at low speed, and then plated on either 35-or 60-mm 2 tissue-culture polystyrene plates coated with either FN for spreading, or BSA as a negative control, because NIH-3T3 cells do not spread on BSA. With assays with the use of PD98059 to prevent activation of ERK1/2, cells were serum-starved for 24 h, incubated in serum-free culture with the inhibitor for 2 h before detachment, and then resuspended in the same concentration of inhibitor. FN coating on polystyrene plates was 20 g/plate in HBSS overnight at 4°C, rinsed with phosphate-buffered saline (PBS), and then blocked with 1% BSA in PBS for 30 min, rinsed with PBS, and briefly air-dried. BSA plates were 5% BSA in PBS, otherwise prepared as for FN coating. Plated cells in coated dishes were placed in a 37°C water bath, and spreading was evaluated at indicated intervals by phase-contrast microscopy. An individual cell was counted as "spread" when diameter was minimally twice that of the nucleus. The percentage of spread cells was evaluated as (number of spread cells Ϭ total of number cells in field) ϫ 100 ϭ percentage of spreading. Data from three to seven assays were analyzed for statistical significance by analysis of variance (ANOVA), and are shown graphically as mean Ϯ SE.
Arachidonic Acid Release Assays
Cells were cultured for 18 -24 h in serum-free DMEM-BSA with 2.0 Ci/ml [ 3 H]AA equivalent to 4.0 M AA. Labeled cells were detached with trypsin-EDTA, washed with trypsin inhibitor in HBSS, and resuspended in fresh DMEM-BSA with indicated inhibitors, at concentrations indicated in figure legends, as described above. After incubation a final wash was followed by resuspension in fresh DMEM-BSA with or without inhibitors, and then 5 ml each of control and treated cells was plated separately on 60-mm 2 FN-or BSA-coated dishes and incubated in a water bath at 37°C. Immediately before plating a 200-l sample was removed, centrifuged at 13,000 rpm for 1 min to pellet loose cells, and 3ϫ 30-l samples of supernatant analyzed for preplating counts. At indicated intervals, a similar volume of medium was removed, centrifuged, and processed for analysis of counts. An equivalent amount of fresh medium was added back to the plates to maintain the original plated volume. AA release was evaluated as appearance of label in the medium supernatant; under these conditions AA is the predominant labeled product released into medium for ϳ60 min (Auer and Jacobson, 1995; Lloret and Moreno, 1996; Muthalif et al., 1998) . Sample cpm was averaged per time point and presented as a percentage of the counts in the preplating medium at the beginning of the experiment. Data from three to seven assays were analyzed for statistical significance by ANOVA and shown as means with SE (SigmaStat software; Jandel Scientific, San Rafael, CA).
SDS-PAGE and Immunoblotting
Cells prepared as described above for spreading assays were plated on 60-mm 2 FN-coated plates in a 37°C water bath. At indicated times postplating, medium was aspirated and spread cells were lysed at 4°C with buffer containing 50 mM Tris-HCl, pH 7.2, 150 mM NaCl, 1.5 mM EDTA, 1.5 mM EGTA, 1% Triton X-100, 0.1% deoxycholate, 0.1% SDS, and protease and phosphatase inhibitor cocktails optimized for mammalian cells (P2850 and P5766; Sigma). Lysed cells and buffer were collected with a cell scraper, sonicated for 2-5 s, and centrifuged at 13,000 rpm for 10 min at 4°C. Supernatant was aspirated and boiled for 5 min with loading buffer (188 mM TrisHCl, pH 6.8, 6% SDS, 30% glycerol, 0.1% ␤-mercaptoethanol, and bromophenol blue dye) after removing aliquots for Bradford protein determination (Bio-Rad, Cambridge, MA). A 10% SDS-polyacrylamide gel was loaded with 50 g of protein/well and electrophoresed at 100 V, 4°C according to the Laemmli method. Protein was then transferred to nitrocellulose. Blots were probed with 1:1000 anti-pan ERK antibody against total ERK1/2 (Santa Cruz Biotechnology, Santa Cruz, CA); 1:500 anti-phosphoERK antibody against activated ERK1/2 (PerkinElmer Life Science Products, Boston MA); 1:500 anti-COX-1 antibody (Santa Cruz Biotechnology), or 1:500 anti-COX-2 antibody (Dr. Dan Dixon, University of Utah, Salt Lake City, UT). Blots were washed with Tris-buffered saline-Tween, incubated with an appropriate secondary antibody conjugated with horseradish peroxidase (Sigma), washed, and exposed to Kodak BioMax x-ray film after Bio-Rad enhanced chemiluminescence development.
Prostaglandin and Leukotriene Enzymeimmunoassays
Quantitation of total prostaglandin E2 (PGE2) produced by spreading cells was by use of a Cayman Chemical STAT-Prostaglandin E2 immunoassay kit 514131, according to the manufacturer's recommended protocol. Briefly, cells were prepared Ϯ inhibitors at concentrations indicated in figure legends and plated on FN-or BSAcoated plates as described above; both cells and medium were collected at 4°C with kit-provided lysis buffer at indicated times, maintained at Ϫ70°C until all samples were collected, and subjected to enzymeimmunoassay for quantitation of PGE2 as an indicator of cyclooxygenase activity. Cayman Chemical immunoassay kits for analyzing cysteinyl leukotrienes LTC4/LTD4/LTE4 (520501) or for leukotriene B4 (LTB4) only (520503) were used to quantitate total cell leukotriene (LT) levels, according to the manufacturer's directions. Briefly, samples of spreading cells and medium Ϯ indicated inhibitors were collected as described above; lipids were extracted with methanol and purified by chromatography with the use of AmPrep C18 columns, dried under nitrogen, and resuspended in kit assay buffer. Data from triplicate assays for each LT type were analyzed for statistical significance by ANOVA.
Migration Assay
Migration was evaluated by use of modified Boyden chambers in 24-well polystyrene plates (Costar, Cambridge, MA). Both sides of the Boyden insert filter were coated with FN as described above for plates, and then inserts were equilibrated in serum-free DMEM-BSA containing the indicated inhibitor at concentrations indicated in figure legends. Cells were prepared and incubated as described above with or without indicated inhibitors Ϯ PGE2, and then 200 l of suspended cells adjusted to 1 ϫ 10 4 cells/ml was pipetted into an insert and permitted to attach and spread on the inner filter surface for 1 h. Insert inner filters were briefly examined by microscope to ascertain equal cell spreading in all treatment inserts. Inserts with spread cells on the inner filter were then moved to wells containing fresh DMEM-BSA with or without inhibitors, Ϯ PGE2, to permit random migration across the filter. For assays with later additions of inhibitors or prostaglandin, cells were pipetted into the filters in medium without additions to permit attachment and early spreading to occur first, and then at 30 min postplating medium in both upper and outer chambers was exchanged for that containing the indicated inhibitors, Ϯ PGE2. At indicated times, cells on filters were fixed in 4% paraformaldehyde and stained with 1% Coomassie blue dye in 40:10:40 (vol/vol) methanol/glacial acetic acid/double distilled H 2 O. Cells remaining on the inside filter surface were gently removed with a cotton swab to permit visualization and counting of cells on the outer filter surface. Migration was evaluated by phase-contrast microscopy as the number of cells migrated to the outer filter surface, normalized to percentage of control cell migration at 3-4 h postplating, depending on the assay.
Measurement of Spread Cell Surface Area
Cells plated on an FN substrate, with or without inhibitors or other additions as described above, were photographed at 60 min postplating under a phase-contrast microscope with the use of a Nikon camera and Kodak T-Max 400 film, at the same magnification for all treatments. Scanned negatives were digitized at identical resolutions, and three random fields were selected for each treatment containing minimally 200 cells/field. Mean cell surface area was determined with the use of SigmaScanPro image analysis software (Jandel Scientific), and normalized as percentage of control spread cell surface area.
Data Analysis
Data from replicate assays were grouped and analyzed by ANOVA with the use of SigmaStat statistical software (Jandel Scientific). The number of included experiments and the statistical significance of the data presented are indicated in RESULTS, or in the figure legends.
RESULTS
Cell Spreading Kinetics and Morphology
The percentage of NIH-3T3 cells that spread versus time was determined with the use of a fibronectin substrate, an ECM protein for which the cells have integrin receptors, and compared with a nonspecific substrate, BSA, which is not permissive to spreading ( Figure 1A ). Under the conditions used herein, cells attached to FN-coated culture dishes . Partial spreading is observed commencing at ϳ15 min (15 min); full spreading of 90 -95% of the cell population is seen at ϳ60 min (60 min). The typically fibroblast pyramidal shape seen 2 h postplating appears to be the migratory phenotype in these cells (2 h).
within 5 min of plating but remain rounded, although they exhibit distinct refractive changes indicative of initiation of early spreading ( Figure 1B , 5 min). Partial spreading of 20 -25% of the plated cells is observed at ϳ15 min (15 min); full spreading of 90 -95% of the cell population is seen at ϳ60 min (60 min) and is characterized by a flattened "friedegg" appearance. NIH-3T3 cells assume a typically fibroblast pyramidal shape that is associated with onset of migration ϳ2 h after plating. Cells plated on the nonspecific BSA substrate remain rounded and do not spread over the time of the assay. The BSA-plated cells remained viable and spread if collected and replated on FN.
Regulation of Cell Spreading
We had previously shown with the use of a nonselective inhibitor of the various forms of PLA2 that AA release was essential for both HeLa cell spreading on a collagen substrate (Chun and Jacobson, 1992) and NIH-3T3 cell spreading on a fibronectin substrate (Whitfield and Jacobson, 1999) . Herein, we confirm this and demonstrate that it is most likely the cytosolic form of PLA2 that appears to be responsible for most of the AA released by the cells during adhesion ( Figure 2 ). In addition to the nonselective inhibitors of all PLA2 forms, mepacrine [inhib all PLA2 (M)] and 4-bromophenacyl bromide (BPB) [inhib all PLA2 (B)], AACOCF3, a more selective inhibitor of both the calcium-dependent cytosolic cPLA2 and the calcium-independent iPLA2 but not the secretory PLA2, also inhibited cell spreading (inhib iPLA ϩ cPLA2). Additionally, a specific inhibitor of iPLA2, HELSS (inhib iPLA2), was also used to subtractively differentiate between cPLA2 and iPLA2 by comparison with AA-COCF3. No difference in spreading response was seen between the general PLA2 inhibitors and AACOCF3, as all produced dose-dependent inhibition of spreading. The iPLA2-specific inhibitor HELSS caused a 10 -15% reduction in spreading at any concentration that was of questionable significance (p Յ 0.05). Figure 2 shows the results with the use of a single higher concentration of each respective inhibitor (white bars) that in the case of cPLA2 inhibition by means of mepacrine, BPB, or AACOCF3, achieved significant inhibition of cell spreading (p Յ 0.01) and was reversible by addition of the immediate downstream metabolite AA.
To distinguish between inhibition of spreading that is directly related to the blockade of PLA2 as opposed to nonspecific cytotoxic effects of the inhibitor, the reversal of spreading inhibition by the addition of exogenous AA was evaluated ( Figure 2 , black bars). BPB proved to be more cytotoxic than either mepacrine or AACOF3, because reversal by exogenous AA of spreading inhibition was incomplete at concentrations of BPB necessary to block spreading to the same degree as that seen with cells treated with the other inhibitors. Both mepacrine and AACOCF3 were essentially the same with regard to spreading inhibition and its full reversal by exogenous AA (p Յ 0.05). The small amount of spreading inhibition seen with HELSS was not reversible by exogenous AA, indicating a probable slight toxicity of the inhibitor. The observation that all general inhibitors of all PLA2s inhibited spreading (mepacrine and BPB), the more selective inhibitor of both iPLA2 and cPLA2 also inhibited spreading (AACOCF3), but the specific inhibitor of iPLA2 did not (HELSS), supports the idea that cPLA2 is the predominant isoform of PLA2 signaling cell spreading in fibroblasts, as was previously shown with HeLa cells (Crawford and Jacobson, 1998) . The above-mentioned results are also consistent with previous work demonstrating that the amount of AA produced by cells during adhesion is ratelimiting with respect to the rate and extent of cell spreading (Chun and Jacobson, 1992; Crawford and Jacobson, 1998) .
Roles of Arachidonic Acid Oxidative Enzymes and ERK1/2 in Cell Spreading
Arachidonic acid produced by PLA2 during cell attachment can be oxidized by three classes of enzymes that generate downstream second messengers potentially involved in cell spreading. One class is the lipoxygenases: 5-LOX, 12-LOX, and 15-LOX, which are distinguished by the position of the carbon atom that is oxidized. Another class is the cyclooxygenases, either a constitutively expressed COX-1 or an inducible COX-2. Lastly, EOX also oxidizes AA.
The role of lipoxygenases in cell spreading was evaluated with both nonselective and specific LOX inhibitors ( Figure  3A ). Nordihydroguaretic acid (NDGA), a nonselective inhibitor of all lipoxygenases, inhibited cell spreading in a dosedependent manner (inhib all LOX), as did the specific 5-LOX inhibitor AA861 (inhib 5-LOX) (p Յ 0.01); whereas the specific 12-LOX and 15-LOX inhibitors baicalein (inhib 12-LOX) and PD14617 (inhib 15-LOX), respectively, did not ( Figure  3A , white bars). In addition, the inhibition of cell spreading by both the pan-LOX inhibitor NDGA and the 5-LOX inhibitor was reversed to control levels of spreading by the ad- , an inhibitor of both iPLA2 and cPLA2 (inhib cPLA2 ϩ iPLA2), or with the iPLA2-specific inhibitor HELSS (10 M) (inhib iPLA2). All are shown either with (black bars) or without (white bars) 15 M arachidonic acid (n ϭ 3; means with SEs shown). Mepacrine, BPB, and AACOCF3 all produce dose-dependent spreading inhibition; a single higher concentration of each is shown herein that is reversible with exogenous AA. HELSS treatment produced a small 10 -15% reduction at any concentration but the effect was not reversible by addition of AA.
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Vol. 12, July 2001dition of exogenous LTB4 (black bars). Although the results are consistent with 5-LOX being responsible for cell spreading, it is not known from these data whether the 12-LOX and 15-LOX enzymes are not involved, or merely absent from the cell. Furthermore, although the inhibitors of the LOXs are very specific except for the pan-LOX inhibitor NDGA, we do not have an independent measure at this point that the 12-LOX and 15-LOX inhibitors were selective in the fibroblasts in the absence of readily available activity assays for these enzymes. Reduction in spreading was dose-dependent with NDGA (inhib all LOX) and AA861 (inhib 5-LOX) (p Յ 0.01); representative higher concentrations are shown herein. Exogenous LTB4 also reversed the spreading inhibition due to the PLA2 inhibitor AACOCF3 (inhib iPLA2 ϩ cPLA2), indicating that the leukotriene spreading signal is downstream of PLA2 and AA release. The black bars in Figure 3B show that the addition of 50 nM PGE2, a major cyclooxygenase product, does not reverse the spreading inhibition caused by LOX or PLA2 blockade.
To examine the potential role of the other oxidative enzymes in cell spreading, a nonselective inhibitor of both cyclooxygenases, indomethacin (inhib COX1 ϩ COX2), was used, as were SC236 to specifically inhibit COX-2 (inhib COX-2) and resveratrol to specifically inhibit COX-1 (inhib COX-1) ( Figure 4A ). Additionally, metyrapone was used to inhibit epoxygenase, the remaining branch enzyme of AA metabolism (inhib EOX). Multiple concentrations of each inhibitor were tested, and representative higher concentrations are shown herein. An inhibitor of the mitogen-activated protein kinase ERK1/2, PD98059, was also used and is shown herein at 50 M (inhib ERK1/2), because we were evaluating a potential relationship between ERK and the COXs in adhesion. No COX or ERK inhibitor produced a reduction in cell spreading, (p Յ 0.01) ( Figure 4A ). Furthermore, although the percentage of the cells that were spread at 60 min was not affected by the COX or ERK inhibitors, all enhanced the extent to which individual cells spread as measured by mean surface area ( Figure 4B , white bars), with the greatest increases in surface area from the pan-COX inhibitor indomethacin and the ERK inhibitor PD98059. Exogenous AA (ϩAA) and LTB4 (ϩLTB4) were also tested for effects on mean spread cell surface area and were found to produce similar effects in increasing surface area of spread cells at 60 min. Increased spread cell surface area due to inhibition of COXs or ERK, or due to addition of AA or LTB4, were all reversed to near control mean surface area by addition of 50 nM PGE2, a major COX oxidative product ( Figure 4B , black bars). Addition of 50 nM PGE2 alone reduced surface area ϳ10% compared with control cells, not a statistically significant change (p Յ 0.05), although the overall shape of the PGE2-treated cells was less rounded than control cells and appeared to be more akin to the later 2-h migratory cells seen in Figure 1B . Photographs of representative cells in Figure 4C show the distinctive spreading morphology stimulated by addition of AA, LTB4, or PGE2; or by the inhibition of ERK or COXs. Photo panels are labeled as in Figure 4A . Figure 4D shows that in addition to increasing mean spread cell surface area at 60 min, COX or ERK inhibition significantly increases the kinetic rate of cell spreading during the first 30 min of adhesion (p Յ 0.05), although by 60 min the spreading percentage is equal between control and inhibited cells.
These data suggest that AA mass is rate-limiting for cell spreading, and that its oxidation by lipoxygenases signals spreading, whereas cyclooxygenase activity produces a slowing effect on spreading by competing with LOX for available AA. It is reasonable to attribute the faster spread- reduced NIH-3T3 cell spreading, whereas inhibition of either 12-LOX with up to 100 M baicalein (inhib 12-LOX), or of 15-LOX with up to 25 M PD146176 (inhib 15-LOX) had no effect. The decrease from NDGA or AA861 was dose-dependent; representative higher concentrations are shown herein. The spreading blockade due to inhibition of any LOX by NDGA or 5-LOX by AA861, or of cPLA2 and iPLA2 by AACOCF3 (inhib iPLA2 ϩ cPLA2) was reversible by addition of the 5-LOX oxidative product 100 nM LTB4 (black bars). Detached cells were incubated with indicated treatment and then plated on FN-coated dishes for 60 min at 37°C (n ϭ 3; means with SEs). (B) Exogenous prostaglandin E2 does not reverse spreading blockade due to phospholipase A2 or lipoxygenase inhibitors. Cells were treated with inhibitors and allowed to spread as in A, except with the cyclooxygenase oxidative product PGE2, at 50 nM (n ϭ 2).
ing in the presence of COX inhibitors to increased LOX activity due to more AA being available to LOX enzymes. Additionally, the reversal of spreading inhibition by exogenous LTB4 applied to blockade caused by cPLA2, pan-LOX, and 5-LOX inhibitors suggests that of all the potential AA oxidative enzymes only 5-LOX participates significantly in signaling cell spreading, and its effect is downstream of PLA2-mediated AA release.
Arachidonic Acid Release
To further understand the role of AA in cell adhesion we determined the kinetics of AA released from [ 3 H]AA prela- (ϩLTB4), an oxidative product of 5-LOX, whereas addition of 50 nM PGE2 (ϩPGE2) slightly reduces surface area and alters overall shape. (D) Cell spreading kinetic rate is also increased by cyclooxygenase inhibitors. Cells treated with the same inhibitors at the concentrations as in A were measured for the rate of cell spreading over time as described in Figure 1A . COX inhibitors increased cell spreading rate over the first 30 min of spreading in a dose-dependent manner; representative higher concentrations are shown herein (means and SEs; n ϭ 4).
beled cells adhering to a fibronectin substrate. A kinetically biphasic release of [ 3 H]AA was seen when NIH-3T3 cells attached and spread on FN ( Figure 5A ). The first phase was a burst or transient release of AA that occurred within the first 5 min of cell plating (closed circles, top), and coincided with the suspended plated cells settling and contacting the FN substrate. This was followed by a second phase, which was a sustained increase in AA release occurring over the next hour. As a control, cells were also plated on a BSA substrate where they do not spread. On a BSA substrate the cells produced only the later sustained release of [ 3 H]AA, albeit ϳ50% less than that seen with cells on FN ( Figure 5A , top, open diamonds). All phases of [ 3 H]AA release, whether the cells were on FN or BSA, were inhibited by the addition of the general PLA2 inhibitor mepacrine (bottom), indicating the AA was produced by a PLA2.
To further test the identity of PLA2 involved, the same assay was repeated with AACOCF3, an inhibitor of iPLA2 and cPLA2, and the iPLA2-specific inhibitor HELSS ( Figure  5B ). Whereas HELSS (open squares) did not affect AA release at any phase or on either FN or BSA, AACOCF3 (open triangles) blocked both stages of AA release on FN, and suppressed overall release on BSA as well. This comparative use of the PLA2 inhibitors supports that cPLA2 is the predominant PLA2 involved in signaling cell spreading by mediating AA release.
The observation that the initial transient release of AA only occurred on an FN substrate where cells spread, and not on the nonspreading BSA substrate, suggested that the initial AA release alone without respect to the second sustained release was sufficient to signal cell spreading. This is consistent with the initial transient release of [ 3 H]AA experienced by cells on the FN substrate being due to the ligation and clustering of integrin receptors, because it has been previously shown that clustering FN receptors stimulates AA release (Auer and Jacobson, 1995; Szabo et al., 1995; Haimovich et al., 1999; Zhu et al., 1999; Whitfield and Jacobson, 1999) . Additional assays were conducted to test this possibility ( Figure 6A ). The general PLA2 inhibitor mepacrine added at 5 min after cell plating on a FN-coated dish (open squares) significantly reduced the second AA release, but not the first (p Յ 0.05) ( Figure 6A, bottom) , yet the cells were still spread to ϳ80% of control cell spreading ( Figure  6A , top, inhib all PLA2, 5 min postplating). However, mepacrine added to cells before plating reduced both phases of AA release (open triangles, bottom) and blocked 80 -90% of cell spreading (top, preplating) . This demonstrates that the initial transient AA release is sufficient to signal most cell spreading. In Figure 6B , the same assay is shown with the use of AACOCF3 to inhibit both cPLA2 and iPLA2, added to cells either preplating (open triangles) or 5 min postplating (open squares) after the first transient AA release. The results with AACOCF3 are very similar to those described above with mepacrine, with respect to both AA release and cell spreading, in that preincubation of cells with the iPLA2 ϩ cPLA2 inhibitor reduced cell spreading and both phases of AA release, whereas addition after 5 min permitted the initial transient release and also spreading equal to control (p Յ 0.05). Figure 6C repeats this experiment with the use of the iPLA2-specific inhibitor HELSS. Addition of HELSS at either preplating or at 5 min postplating caused a 10% reduction in the later phase of AA release that was not significant (p Յ 0.05) (top), with a slight 10 -15% reduction in spreading (bottom). These data also support a predominant role for cPLA2 and not iPLA2 in signaling NIH-3T3 cell spreading.
If as indicated above, the initial transient AA release that mediates cell spreading is in response to FN receptor clustering, what activates the second sustained release of AA? Based upon previous work showing that ERK1/2 activation during spreading in some systems regulated PLA2 phosphorylation and AA release, we evaluated AA release from cells in the presence of an inhibitor of ERK1/2 activation. Cells treated with PD98059, a specific inhibitor of MEK activation of ERK1/2, also displayed a biphasic AA release ( Figure 7A ). Although the initial transient AA release was unaffected, the second sustained release was significantly diminished, ϳ50% compared with control between 10 and 60 min (p Յ 0.05). This suggests that the transient initial AA release signaling spreading appears to be ERK-independent with respect to PLA2 activation. However, the later phase of release is clearly PD98059-sensitive; indicating that ERK1/2 is modulating PLA2 activity after the first release, to increase the second release by ϳ50% after the spreading signal has been completed. Figure 7B shows that addition of the pan-LOX inhibitor NDGA (inhib all LOX) or the 5-LOX specific inhibitor AA861 (inhib 5-LOX) does not significantly affect AA release in treated cells versus control cells. Figure 7C demonstrates that inhibition of both COX-1 and COX-2 by indomethacin (top), inhibition of COX-1 by resveratrol (middle), or of COX-2 by SC236 (bottom) also do not significantly affect either phase of AA release (p Յ 0.05). These data suggest that regulation of cPLA2-mediated AA release during adhesion is partially modulated by ERK1/2, but is not subject to feedback regulation by products of AA oxidation from either LOX or COX pathways.
Cell Migration
Although the results of the above-mentioned experiments indicate that COX oxidation of AA is not essential for the spreading stage of cell-substrate adhesion, it was possible that activity of one or both COX isoforms could be necessary for the cell migration stage. To test a potential role for cyclooxygenases and ERK1/2 in the migration stage, NIH-3T3 cells were serum-starved for 24 h to down-regulate COX-2 expression, treated with various COX or ERK inhibitors, and then plated on FN-coated 0.8-m filters in modified Boyden chambers. The number of cells that migrated across the filter in the next 4 h was then determined as indicated in MATERIALS AND METHODS. Figure 8A shows that indomethacin to inhibit both COXs, SC236 to inhibit COX-2, or PD98059 to inhibit ERK1/2 all resulted in significant and dose-dependent reductions in migration (white bars) that were reversed by addition of exogenous PGE2 (black bars). Resveratrol, a COX-1 specific inhibitor, also reduced migration, but to a significantly lesser extent than COX-2 inhibition, in that even at higher concentrations of the COX-1 inhibitor migration was not reduced to less than ϳ70% of control. This was also reversible by exogenous PGE2. The ability of PGE2 to overcome the blockade of ERK indicates that COX activity is downstream of ERK in the adhesion-signaling pathway. Furthermore, added PGE2 alone enhanced migration almost twofold over that of control, suggesting that the amount of prostaglandins endogenously produced is rate-limiting with regard to the cell migration stage of cell-substrate adhesion. The significantly different levels of migration reduction due to COX-1 or COX-2 inhibition, respectively, also suggests that COX-2 contributes more of the total prostaglandin mass signaling migration than does COX-1.
A second series of experiments was designed to determine whether both the LOX and COX oxidation pathways are essential for cell migration after spreading is complete, and whether the second sustained AA release was providing a substrate for oxidative conversion to metabolites essential for signaling cell migration. Cells were first permitted to attach and spread on FN-coated Boyden chamber filters for 30 min, during which time the initial transient AA release and early spreading are completed, and then inhibitors of PLA2, LOX, or COXs were added to the medium in both the upper and lower chambers for the duration of the migration assay ( Figure 8B , white bars). It was ascertained that addition of these inhibitors did not cause detachment from the filter or death of the spread cells. Dose-dependent inhibition of migration by the cPLA2 and iPLA2 inhibitor AACOCF3, but not by the iPLA2 inhibitor HELSS, added 30 min after plating indicates that the second release of AA is cPLA2-mediated and is essential for cell migration. A single higher concentration of each is shown herein. This result is in contrast to AACOCF3 inhibition of cell spreading, where it was shown that the initial transient release of AA was required for spreading ( Figure 6B) . NDGA, the general LOX inhibitor (inhib all LOX), and the 5-LOX inhibitor AA861 (inhib 5-LOX) at concentrations sufficient to inhibit spreading if applied before plating the cells, caused a small reduction to 80 -85% of control migration, suggesting that the LOX signaling effect is largely complete by 30 min postplat- Figure 8 . Cell migration requires ERK1/2 and cyclooxygenase activity. (A) NIH-3T3 cell migration was evaluated with Boyden chamber assays as described in MATERIALS AND METHODS. Cells were treated with 50 M PD98059 to inhibit ERK1/2 (inhib ERK1/2), 50 M indomethacin to inhibit both cyclooxygenases (inhib COX1 ϩ COX2), 25 M SC236 to inhibit cyclooxygenase-2 (inhib COX-2), or 25 M resveratrol to inhibit cyclooxygenase-1 (inhib COX-1). White bars indicate inhibitor alone, black bars indicate addition of the cyclooxygenase oxidation product PGE2 (50 nM) with inhibitor. Dose-dependent reduction in migration was seen with PD98059, indomethacin, and SC236, the figure shows a typical higher concentration of each reversible by exogenous PGE2. Resveratrol inhibition of COX-1 was dose-dependent for a limited range, but did not reduce migration to Ͻ70% of control at concentrations Ͼ25 M (means and SEs; n ϭ 3) (B) Inhibitors of COX-2 or PLA2 added after 30 min of cell spreading block most cell migration. Inhibitors were added to cells after 30 min of cell plating on FN after the initial AA release had taken place, to test the requirement for AA generated in the second sustained release as a substrate for cyclooxygenase activity. Addition of 25 M AACOCF3 (inhib iPLA2 ϩ cPLA2), 50 M indomethacin (inhib COX1 ϩ COX2), or 25 M SC236 (inhib COX-2), after 30 min of cell spreading, reduces migration in a dose-dependent manner; a single representative inhibitory concentration is shown herein that is reversible by PGE2 addition. The COX-1 inhibitor resveratrol at 25 M (inhib COX-1) produces ing. Indomethacin (inhib COX-1 ϩ COX-2) blockade of both COXs, or SC236 inhibition of COX-2 (inhib COX-2) produced a significantly larger reduction in migration to 15% of control, similar to that seen when inhibitors were added before plating in Figure 6A (p Յ 0.05). Resveratrol inhibition of COX-1 (inhib COX-1) added at 30 min postplating reduced migration only to ϳ75% of control, very close to that seen when added preplating in Figure 6A . Addition of PD98059 to inhibit ERK1/2 after 30 min postplating reduced migration to ϳ50% of control, significantly less inhibitory than the reduction to 15% of control migration seen when it was added preplating. This suggests that the signals contributed by ERK to migration are also predominantly complete before 30 min, but are nonetheless still needed to optimize migration after 30 min. Exogenous PGE2 (black bars) reversed any inhibition of migration due to any inhibitor, even when added to the iPLA2 inhibitor that did not significantly reduce migration, albeit to a lesser extent than that seen with PGE2 alone. These results, as well as those in Figures 3, 4 , and 6, suggest that although the LOX oxidative branch of AA is required for the cell spreading stage of adhesion, it optimizes but is not absolutely required for the migration stage during the 3-to 4-h postplating that migration was measured. In addition, these results indicate that the leukotrienes signaling spreading probably come from AA produced during the first 30 min of cell adhesion, when the initial transient release of AA takes place. On the other hand, the COX oxidative branch of AA that is required for signaling migration appears to use the cPLA2-generated AA produced during the later sustained release to generate prostaglandins that signal migration. Although both COX-1 and COX-2 appear to use the sustained release of AA, COX-2 seems to be predominantly required to signal optimal migration. This idea was further tested by analyzing the respective COX activities during spreading and migration as described in the after section.
LOX and COX Activity Kinetics During Spreading
To further explore the possibility that there is a shift from the LOX to the COX oxidative branches of AA oxidation during cell-substrate adhesion, and whether ERK1/2 is involved in regulating the shift, we measured the production of prostaglandins and leukotrienes during spreading and early migration with the use of enzymeimmunoassays (Figure 9, A-D) . Prostaglandin production was evaluated by measuring PGE2 levels. Leukotriene production was measured separately for both LTB4 and the cysteinyl leukotrienes LTC4/D4/E4. For all immunoassays, total cell production was evaluated by collecting cells plus the surrounding medium during the indicated time postplating. The amounts of LTs and PGE2 shown are normalized as a percentage of preplating levels. In Figure 9A , cells were treated with AA-COCF3 to inhibit both iPLA2 and cPLA2 (open squares), or HELSS to inhibit iPLA2 alone (open triangles). Untreated control cells (closed circles) plated on FN show a transient increase in both LTB4 of more than twofold (top), and in the cysteinyl LTs (middle) of ϳ1.8-fold, between 10 and 30 min postplating, followed by a slow decrease to near preplating levels by 120 min. Conversely, PGE2 synthesis lags during the first 30 min of cell spreading, followed by a threefold increase between 30 and 120 min (bottom).
No significant difference was seen between control (closed circles) and HELSS-treated cells with respect to any LT or to PGE2 synthesis (p Յ 0.05). AACOCF3 addition reduced production of LTB4 (top), cysteinyl LTs (middle), and PGE2 (bottom), indicating that cPLA2 was producing the AA substrate for both 5-LOX and the cyclooxygenases. In Figure , and plated on FN-coated plates as described in Figure 9A . Indomethacin prevented most PGE2 synthesis (bottom), and conversely significantly increased both cysteinyl LT and LTB4 synthesis (middle and top) by ϳ60% over control (closed circles) at all times from initial plating to 120 min postplating (p Յ 0.05). Inhibition of COX-1 by resveratrol also increased LTB4 (top) and cysteinyl LT production (middle) early in the first 30 min of spreading, but the effect diminished after 30 min postplating. COX-1 inhibition also caused a lesser reduction in PGE2 synthesis than did indomethacin, with PGE2 levels rising to ϳ60% of control level between 60 -120 min (bottom).
Inhibition of COX-2 caused a reduction in PGE2 synthesis equal to that of indomethacin after 30 min postplating (open diamonds, bottom). COX-2 inhibition also produced an increase in all LTs, but to a lesser degree than did indomethacin or resveratrol, and the increase in LT synthesis was delayed compared with the other COX inhibitors (top and middle, open diamonds). These data suggest that because indomethacin has an inhibitory effect on both COXs, and the COX-2 effect is more delayed, that COX-1 acts earlier than COX-2 in competing with 5-LOX for AA as an oxidative substrate.
In Figure 9C , cells were treated with 30 M NDGA to inhibit all LOXs (open squares), or 25 M AA861 (open triangles). Addition of either LOX inhibitor reduced LT synthesis to less than preplating levels (top and middle), but failed to stimulate greater PGE2 production more than control (bottom) (p Յ 0.05). Whether this was due to a general failure in the downstream signaling pathway when spreading is blocked, or some other regulatory effect, is uncertain from this data.
Additionally, the role of ERK1/2 in PGE2 and leukotriene production was evaluated by inhibiting ERK1/2 activation with the MEK inhibitor PD98059 ( Figure 9C , open diamonds). The production of both cysteinyl leukotrienes and LTB4 by NIH-3T3 cells was found to transiently increase ϳ60% over control during the first 30 min of cell attachment (top and middle). This was followed by a slow decrease to background levels, and was accompanied by a concomitant suppression of PGE2 synthesis (bottom).
In Figure 9D , untreated control cells and cells treated with the pan-LOX inhibitor NDGA, the pan-COX inhibitor indomethacin, or the ERK1/2 inhibitor PD98059 were plated on a BSA substrate where no spreading occurs, to compare prostanoid synthesis versus that indicated above in the FN-mediated spreading. With untreated cells on BSA (closed circles), a small rise is seen early in LTB4 and cysteinyl LT synthesis (top and middle), accompanied by a rise in PGE2 accumulation after 30 min (bottom), a small increase by comparison with cells on the FN substrate. Inhibition of LOXs reduces synthesis of all LTs (top and middle), but does not cause an increase in PG synthesis. The prostanoid levels seen in cells plated and not spreading on BSA appear to indicate a small basal synthesis in the absence of adhesion-stimulated signaling.
It should be emphasized that the increased synthesis of leukotrienes in COX-inhibited, ERK-inhibited, and uninhibited cells spreading on FN took place within the first 30 min of cell attachment and early spreading. During this same 15-min period, there was a lag in the synthesis of PGE2 in control cells (bottom panels) for the first 30 min postplating, which was followed by a threefold increase over the next 2 h. This supports the idea that the initial transient release of AA observed during the first 5-10 min of cell attachment (Figures 5 and 6 ) is used for leukotriene synthesis that signals cell spreading. Conversely, ERK inhibition resulted in a reduction of PGE2 production to a low but not null level, whereas LOX inhibition did not have such a reductive effect. This suggests that normally ERK may have a direct positive regulatory effect on COX activity. The failure of ERK to affect LT or PGE2 synthesis in cells plated on BSA suggests that ERK may fail to be activated on BSA. This idea is further tested in the after section.
Overall, these data support the idea that in the early stages of cell spreading, 5-LOX competes with one or both of the COXs for available AA as an oxidative substrate. The suppression of PGE2 synthesis by inhibiting ERK suggests that ERK may regulate one or both COXs, either directly or by influencing induction of synthesis. Therefore, we also examined both COX-1 and COX-2 protein levels during the process of spreading and migration as described in the next section.
ERK1/2 Induction of COX-2 Synthesis
From the results described above indicating that both COXs and ERK1/2 were involved in the cell migration stage of adhesion, we tested whether this was due to an induction of COX-2 synthesis and whether the induction was modulated by ERK1/2. Cells were allowed to attach, spread, and migrate with or without the ERK inhibitor PD98059 on a FN substrate, and at various time points, they were lysed and prepared as described in MATERIALS AND METHODS for SDS-PAGE and Western blotting (Figure 10 ). Blots were probed for pan-ERK1/2 (total ERK 1/2) expression, or acti- Figure 9 . Lipoxygenase and cyclooxygenase activity during cell adhesion to FN is modulated by the competing oxidative branch enzymes, and by ERK1/2. (A) Arachidonic acid produced by cPLA2, but not iPLA2, is the substrate for both LOX and COX oxidative activities. Cells were detached, incubated in serum-free Figure 9 (cont). medium with either 25 M AACOCF3 (inhib iPLA2 ϩ cPLA2) or 10 M HELSS (inhib iPLA2), and plated on FN-coated plates as described in MATERIALS AND METHODS. Cells plus medium were collected at indicated time points and assayed by enzymeimmunoassay for the 5-LOX oxidative products LTB4 (top) and cysteinyl leukotrienes LTC4/D4/E4 (middle), and for the cyclooxygenase product PGE2 (bottom). (B) Inhibition of cyclooxygenases increases 5-lipoxygenase activity. Cells were treated with or without 50 M indomethacin (inhib COX1 ϩ COX2), 25 M resveratrol (inhib COX-1), or 25 M SC236 (inhib COX-2), plated on FN-coated plates, and collected over time as in A. (C) Inhibition of 5-LOX blocks leukotriene synthesis but does not increase prostaglandin levels; inhibition of ERK1/2 blocks PGE2 synthesis and also increases leukotriene levels. Cells were treated with 50 M PD98059 (inhib ERK1/2), 30 M NDGA (inhib all LOX), or 25 M AA861 (inhib 5-LOX) and spread on FN-coated plates before collection and immunoassay as described in MATERIALS AND METHODS. (D) Leukotriene and prostaglandin E2 synthesis is generally reduced in cells plated on a BSA substrate. Cells treated with 30 M NDGA (inhib all LOX), 50 M indomethacin (inhib all COX), or 50 M PD98059 to prevent ERK1/2 activation (inhib ERK1/2), were plated on a BSA substrate where no spreading occurs, to compare with prostanoid synthesis on a FN substrate as seen in A-C (means and SEs; n ϭ 3). vated phosphorylated ERK (phospho-ERK) levels ( Figure  10A ), and for both COX-1 (COX-1; Figure 10C ) and COX-2 (COX-2; Figure 10B ) protein levels with the use of the appropriate antibodies as described in MATERIALS AND METHODS. ERK1/2 was seen to be rapidly phosphorylated within 5 min of plating and then dephosphorylated by 30 min postplating in control cells (C), whereas the amount of total ERK did not change over time ( Figure 10A ). This ERK1/2 activation by phosphorylation is a well-known effect of integrin-mediated cell interaction with ECM (Miyamoto et al., 1996; Cybulsky and McTavish, 1997; Langholz et al., 1997; Bourdoulous et al., 1998; Crawford and Jacobson, 1998) . Addition of 50 M PD98059 prevented phosphorylation as shown by the PD lanes. The results herein show that the experimental concentration of PD98059 used in subsequent experiments does prevent ERK phosphorylation and activation, which is rapid and transient in untreated cells. COX-2 protein was not detectable in the serum-starved cells before plating, but protein synthesis was significantly increased in response to cell-ECM adhesion by 60 min postplating in control cells, and continued to increase in expression well into the times these cells were beginning to migrate at 120 min ( Figure 10B ). Inhibition of ERK activation by PD98059 prevented the induced synthesis of COX-2 protein, as seen in the ϩPD lanes, compared with uninhibited control cells in the C lanes. A trace of COX-2 is apparent in the ERK-inhibited cells at 60 min, but is entirely absent by 2 h, whereas in control cells expression increases between 60 and 120 min. COX-1 protein levels were not affected by ERK1/2 inhibition, consistent with it being constitutively present in NIH-3T3 cells ( Figure 10C) . The above-mentioned data also support that the prolonged reduction in PGE2 synthesis associated with inhibition of ERK1/2 as seen in Figure 9C is due largely to a failure to induce COX-2 expression and synthesis. Cells plated on a BSA substrate where no spreading occurs, with or with the ERK inhibitor, are shown in Figure  10D . A trace of activated ERK is seen in control cells on BSA (C) at 5 min postplating, but is absent at all other times. Addition of PD98059 prevented any phosphorylation (PD) at any time. This supports that ERK activation is largely dependent on cell-ECM attachment, as has been widely reported. Furthermore, COX-2 also failed to appear in cells on the BSA substrate ( Figure 10D ). This also suggests that the ERK signaling required for COX-2 up-regulation is adhesion-dependent.
DISCUSSION
Our results indicate that the various stages of NIH-3T3 fibroblast adhesion, i.e., cell attachment, spreading, and migration, are independently regulated by different arachidonic acid metabolites. In brief, adhesion of the cells to FN in vitro begins with the integrin receptor-mediated attachment stage, during which cPLA2 is activated to release AA in a transient burst. This is followed by the spreading stage, which is signaled by leukotrienes synthesized through LOX oxidation of the rapidly released AA. Last, the migration stage is set in motion by prostaglandins formed by COX oxidation of AA released during the late spreading stage. In addition to showing that the cell spreading and migration stages are sequentially regulated and modulated by the divergence of LOX and COX branches of AA oxidation, we show that migration is also influenced at the level of gene transcription by the induction of COX-2 synthesis. The above-mentioned conclusions are schematically presented in Figure 11 , and the discussion of the results that led to them is given below.
Although the spreading stage of NIH-3T3 cells on fibronectin, as with that of HeLa cells on a collagen substrate, uses an AA signaling pathway summarized by PLA2 3 AA 3 LOX 3 LT (Figures 1-3 ; Jacobson, 1992, 1993; Auer and Jacobson, 1995; Chun et al., 1996 Chun et al., , 1997 Crawford and Jacobson, 1998; Whitfield and Jacobson, 1999) , less is known of whether other oxidative enzymes of AA are involved. Roles for both the LOX and COX branches of AA metabolism have been implicated in growth factor-induced cytoskeletal changes such as stress fiber breakdown (Peppelenbosch et al., 1992) but how this impacts cell adhesion is not known. Observations that prompted us to look more carefully into the LOX and COX branches of AA metabolism in cell adhesion were that any treatment of HeLa cells or 3T3 fibroblasts that increased the flow of AA through the LOX branch also increased the extent to which cells spread, whereas when the flow of AA through the COX branch was stimulated, the extent to which the cells spread was decreased and migration was increased (Figures 4 and 5; Chun et al., 1997) . In other words, there appears to be an opposing effect on the utilization of the available AA that is known to be released in rate-determining amounts with regard to LOX and COX activities during cell substrate adhesion. Furthermore, reports that COX appears to be associated with cell motility (Kreuzer et al., 1996; Minami et al., 1996; Tsujii et al., 1997; Daugschies and Ruttkowski, 1998; Horie-Sakata et al., 1998; Tsujii et al., 1998; Daniel et al., 1999) also support the hypothesis that LOX and COX differentially regulate the cell spreading and migration stages of adhesion.
The approach used to investigate the dual role of AA metabolism in regulating, respectively, the spreading and migration stage of NIH-3T3 fibroblast adhesion was primarily pharmacological knockout and rescue of enzyme activity. For such an approach to yield clear conclusions four criteria should be met: 1) production of PLA2, LOX, or COX metabolites must take place before or at least concomitantly with the function being evaluated; 2) inhibitors used to block these enzymatic reactions must be shown to actually function when given to the cells; 3) the effect of the inhibitors in blocking function must be reversible when the product of the inhibited reaction is exogenously provided to the cells; and 4) the inhibitors do not block function simply because they are cytotoxic. It should be emphasized that in all cases reported herein, cells were synchronized with regard to cell adhesion to enable a study of the regulation of the sequential stages of adhesion. NIH-3T3 fibroblasts grown in monolayers were synchronized by serum-starvation to down-regulate expression of COX-2, trypsinizing the cells, and then plating them as a suspension onto FN-coated culture dishes. These cells were harvested from preconfluent monolayers, because confluent monolayers yielded inconsistent results.
With the above-mentioned approach, the pivotal role of AA in adhesion of 3T3 fibroblasts was shown by demonstrating that inhibitors of cPLA2, but not sPLA2 or iPLA2, blocked the production of AA during cell attachment, with concomitant blockage of cell spreading and migration (Figures 2, 5, and 6 ). Next, it was found that the blockade of cell spreading and migration by the PLA2 inhibitors was reversed by the addition Figure 11 . Model of a bifurcated arachidonic acid pathway regulating a transition from cell spreading to cell migration. NIH-3T3 cell spreading on fibronectin is by means of ␣5␤1-integrin receptors in the plasma membrane initially binding extracellular matrix fibronectin. The signaling pathway begins with integrin receptor clustering during cell-ECM attachment, which stimulates rapid cPLA2 activation and an immediate transient AA release oxidized by 5-lipoxygenase, generating leukotrienes to signal cell spreading. ERK1/2 is also rapidly activated during the cell attachment phase, and modulates cPLA2 activity to enhance a later sustained AA release, as well as inducing the immediate expression of COX-2 protein. Up-regulation of COX-2 increases total prostaglandin production over that contributed by constitutive COX-1, to stimulate a postspreading transition to migration.
of exogenous AA to the cells, further confirming the role of AA in adhesion and indicating that the inhibitors were not cytotoxic. It was also shown that the AA formed by the action of PLA2 during adhesion that was used to signal cell spreading was released during the attachment stage, before the onset of cell spreading and migration (Figures 5 and 6) .
The same pharmacological approach was used to determine how LOX and COX function in NIH-3T3 fibroblast spreading and migration. LOX metabolism of AA was found to regulate cell spreading by showing that 1) leukotrienes were produced by the cells before and during cell spreading; 2) leukotriene production by the cells, and cell spreading, were blocked by LOX inhibitors ( Figure 9C) ; and 3) blockade of cell spreading from LOX inhibition was overcome by exogenous LTB4 (Figure 3A) . It was also shown that COX metabolism was not only not required for cell spreading ( Figure 4A ), but also its suppression enhanced both the rate of cell spreading ( Figure 4D ) and the surface area of spread cells ( Figure 4B ). Finally, inhibition of COX blocked both migration ( Figure 8A ) and the production of prostaglandins by the cells and caused an increase in LOX activity ( Figure 9B ), whereas addition of exogenous PGE2 to COX-inhibited cells reversed the effect of the inhibitor on migration ( Figure 8B ). Prostaglandin E2 production by the cells was delayed during attachment and spreading, but began well before the cells started to migrate ( Figure 9A ). Taken together, the above-mentioned evidence indicates that the cell spreading stage of NIH-3T3 fibroblast adhesion to FN is dependent upon the metabolism of AA to leukotrienes by LOX, and that migration is dependent upon the oxidation of AA by COX to prostaglandins, as depicted by the model in Figure 11 .
When the kinetics of AA production was measured with the cells synchronously attaching to FN, a biphasic release was found. An initial transient release occurring concomitantly with the cell attachment stage was followed by a second sustained release that occurred simultaneously with the spreading stage ( Figure 5A ). Further testing with LOX and COX inhibitors given to adhering cells either before or after the first transient AA release had taken place indicated that this initial release was required for cell spreading, whereas the second sustained release was not required for spreading but was essential for later cell migration ( Figure 6, A and B) . Additional support for the sequential nature of the adhesion stages of the NIH-3T3 cells to FN comes from experiments on the kinetics of leukotriene and prostaglandin synthesis. The LOX-mediated release of leukotrienes required for cell spreading began during the preceding attachment stage and then diminished after spreading, whereas COX-mediated release of prostaglandins essential for cell migration began later during the spreading stage, but before the migration stage (Figure 9 ). In addition to confirming the sequential nature of cell adhesion, these data also suggest that the initial transient release of AA provides substrate primarily for leukotriene synthesis, and the later sustained release of AA is primarily used for prostaglandin synthesis.
Although LOX metabolism of AA is essential for the cell spreading stage to take place, it appears that the later migration stage largely proceeds with minimal LOX activity. Not only does LOX activity diminish after 60 min of spreading ( Figure  9B ) but also 80% of control migration can still occur when LOX is inhibited after cell spreading is complete ( Figure 8B ). Interestingly, blockade of LOX activity by preincubation of cells with a LOX inhibitor before plating on FN did not result in a proportionately larger increase in prostaglandin production along the lines of the elevated LT levels from inhibition of COX ( Figure 9C ), as might have been expected. This may be because cell spreading was blocked by the LOX inhibitors, and the spreading block disrupted further downstream steps in the adhesion pathway, i.e., COX-2 synthesis and activity. Because COX-2 expression was not up-regulated in nonspreading cells plated on BSA, and there was also no difference in PGE2 levels between LOX-inhibited and control cells plated on the BSA substrate ( Figure 9D) , it is possible that the same situation occurred in cells prevented from spreading on FN by preincubation in the LOX inhibitor, although this idea was not tested herein. COX-2 up-regulation and activity appear to be responsible for ϳ70% of the PGE2 rise after 60 min of cell spreading on FN (Figure 9B ), so a failure in COX-2 induction and activity would leave only the constitutively expressed COX-1 to produce lesser amounts of PGE2 during later stages of adhesion. This would result in a situation comparable to that of the cells plated on BSA, wherein similarly lesser amounts of PGE2 were produced by COX-1 only ( Figure 9D ). In support of this is the observation that the amount of PGE2 produced by nonspreading LOX-inhibited cells on FN, although reduced substantially from control cells, is equivalent to the PGE2 production of the nonspreading cells plated on BSA where COX-2 expression was not induced. Because AA release from cells was not affected by preplating incubation in LOX inhibitors ( Figure 7B ), a lack of AA substrate for COX-1 or COX-2 is not responsible for the reduction in PGE2 seen with LOX-inhibited cells on FN. It should be emphasized that cells initially prevented from spreading by a LOX inhibitor are also not able to migrate because of the sequential nature of the adhesion process. It should not be concluded from the reduction in PGE2 production after preincubation in LOX inhibitors that LOX activity is also required during migration. LOX inhibitors added to cells after they had already fully spread had little effect on migration ( Figure 8B ), supporting the idea that LOX signaling of spreading is largely completed by the time migration ensues. Future work planned will further examine these remaining issues of regulation and expression between 5-LOX and COX-2.
The observation that there was a lower level of PGE2 produced during cell attachment compared with that produced during later cell spreading suggested that the inducible form of COX might be activated during cell adhesion to FN. Both COX-1 and COX-2 have been associated with migration, both in normal and transformed cells (Kreuzer et al., 1996; Daugschies and Ruttkowski, 1998; Horie-Sakata et al., 1998; Daniel et al., 1999) . COX-1 is constitutively expressed in many cells and produces basal low levels of prostaglandins at a steady rate. We showed herein that COX-1 protein levels are unchanged in these cells over the time course of adhesion ( Figure 10C ). Therefore, it can be expected to be contributing a fairly stable level of PGs to the total cell level at any given time, and its expression and activity are not diminished by serum-starvation as is the case with COX-2.
It is reasonable to propose that COX-2 expression is induced during cell adhesion because ERK1/2 is activated during adhesion, and induction of COX-2 expression by growth-factor mitogens is mediated by ERK1/2 (Miyamoto et al., 1996; Cybulsky and McTavish, 1997; Hwang et al., 1997; Karim et al., 1997; Langholz et al., 1997; Bourdoulous et al., 1998; Miller et al., 1998; Sheng et al., 1998; Adderley and Fitzgerald, 1999) . Our measurements indicate that COX-2 protein appeared in control cells at ϳ45-60 min postplating, after spreading was essen-tially complete, whereas blockade of ERK1/2 prevented induction and synthesis of COX-2 ( Figure 10B ). ERK1/2 inhibition of COX-2 protein synthesis also reduced prostaglandin production to very low levels ( Figure 9C ). Basal PGE2 production in the presence of the ERK inhibitor therefore reflects the continuing presence of COX-1, which contributes lesser amounts of prostaglandins to cell maintenance. This is highlighted in Figure 9B wherein inhibition of COX-1 without inhibiting COX-2 still permits ϳ70% of control cell PGE2 accumulation after 60 min. COX-1 protein expression was not sensitive to ERK1/2 inhibition ( Figure 10C ), which is consistent with its expression being constitutive. ERK1/2 inhibition also resulted in an increase in leukotriene production during the first 30 min of spreading ( Figure 9C ). Whether this is due to a negative ERK1/2 regulation of COX-1 or 5-LOX remains uncertain from these data, since the 30-min time zone of increased LT production precedes significant COX-2 synthesis. This remains to be evaluated in the future.
The eventual effects of the lipid metabolite pathway on cell morphology, spreading, and migration appear to be at the level of actin cytoskeleton polymerization. In previous work, LOX has been found to facilitate cell spreading by activation of protein kinase C⑀ (PKC⑀), resulting in the induction of actin polymerization (Chun and Jacobson, 1993; Timar et al., 1993; Chun et al., 1997) . In the work presented herein, the marginal inhibition of migration (Ͻ20%) when LOX activity was inhibited after the cells were allowed to spread could reflect the need for turnover between monomeric and polymeric actin during the process of migration. Work in progress indicates that although LOX activity leads to PKC activation and actin polymerization producing spreadingassociated stress fibers, COX activity leads to protein kinase A activation, stress fiber reduction, and actin filament bundling that appear to be essential for the cell migration stage (Glenn and Jacobson, personal communication) .
In addition to the up-regulation of COX-2, ERK1/2 activation appears to be involved in directly modulating the later phase of AA release. It has been shown that ERK, as well as PKC and protein kinase A, can phosphorylate cPLA2 and thereby enhance its activity from 1.5-to 3-fold (Lin et al., 1993; Nemenoff et al., 1993) . Although the inhibition of ERK1/2 did not impair the initial transient AA release, it did reduce the second sustained AA release by ϳ50% ( Figure 7A ), while having no negative effect on cell spreading ( Figure 4B ). This suggests that ERK1/2 may increase cPLA2 activity by phosphorylation to enhance the second later release, after the initial transient AA release is complete. Unfortunately, we were unable to demonstrate phosphorylation of cPLA2 by a shift in its electrophoretic mobility, as done by others with fibroblasts (Clark and Hynes, 1996) as well as by us in with the use of HeLa cells (Crawford and Jacobson, 1998) . However, the increased AA availability by cPLA2 activation in the second sustained release that begins ϳ20 min postplating correlates well with both the advent of COX-2 synthesis and the increase in PGE2 production, both of which are dependent on ERK activation and required for optimal cell migration.
Interestingly, the reduction in the second sustained AA release seen herein with ERK1/2 inhibition also clears up another puzzle: why other work showed that ERK1/2 inhibition by use of a Ras dominant negative cell line did not affect NIH-3T3 cell spreading, but did reduce PLA2 activity, calling into question whether these cells needed PLA2-mediated AA to signal spreading (Clark and Hynes, 1996) . The discrepancy can be explained by noting that the aforementioned work measured total AA release over ϳ45 min, but omitted the very early postplating time points where the transient release of AA takes place as shown herein. Our work supports their observation of an overall reduction in AA release with ERK inhibition, as seen herein with respect to the second later AA release, but also adds detail in showing a previously undescribed novel early transient AA release that is ERK-independent and sufficiently signals spreading.
The evidence presented herein strongly supports that a bifurcation of AA oxidation into LOX and COX pathways is a critical aspect of cell spreading and subsequent cell migration. Furthermore, the degree of spreading and migration is rate-limited by the mass of leukotriene and prostaglandin produced during adhesion. This is supported by the observations that addition of exogenous LTB4 to NIH-3T3 fibroblasts increased the rate and extent of cell spreading ( Figures  3A and 4C ), while addition of exogenous PGE2 increased the rate of migration (Figure 8 ). These data support that spreading and migration rates are limited by the mass of AA oxidized, respectively, by LOX and COX, and are an extension of previous work showing that the overall rate of adhesion is limited by the mass of AA produced by the cells (Chun and Jacobson, 1992) . In essence, the regulation of spreading and migration by AA conforms to the law of mass action as elucidated by Waage and Guldberg in 1879 (Janin, 1996) . The ratio of LOX and COX products of arachidonic acid oxidation or their respective enzyme activities would determine whether cells tend to spread and stay spread, or subsequently migrate. It should be emphasized that the observed effects of leukotrienes or prostaglandins on spreading or migration are far downstream of LOX versus COX substrate competition position in the overall adhesion pathway. It is seen in several of the experiments herein that addition of either exogenous LTB4 or PGE2 in the absence of enzyme inhibitors had direct effects on cell morphology and/or surface area that bypassed the upstream competition between COX and LOX for AA substrate. Exogenous LTB4 increased spread cell surface area even in the absence of COX inhibitors, and exogenous PGE2 reversed the increased spread cell surface area from inhibition of either COX or ERK1/2 even without LOX inhibitors ( Figure 4B ). Although addition of PGE2 alone to control cells did not reduce surface area more than ϳ15-20%, this may simply reflect the inability of the cells to compress beyond a minimal point, and the morphology of the cells with added PGE2 was altered ( Figure 4C ). As described above, our ongoing work indicates that these effects on morphology and behavior from leukotrienes or prostaglandins are attributable to changes in actin polymerization. These particular experiments with the use of exogenous metabolites, but not enzyme inhibitors, did not shift the balance of activity between LOX and COX by perturbing competition for AA substrate, but addressed effects of their respective metabolite products further downstream by changing the overall mass ratio of LTB4 to PGE2. In the absence of enzyme inhibitors or exogenous enzyme products however, the mass effect model presumably would be the central regulatory scheme. This presents an interesting paradox such that the many effects attributed to COX inhibition and reduced prostaglandin production might be in reality due to an increase in formation of LOX metabolites such as leukotrienes.
Last, it is reasonable to speculate that the bifurcation of AA between LOX and COX activities regulates in vivo adhesive functions in a manner similar to what we have observed with the NIH-3T3 fibroblasts in vitro. A reasonable example is wound healing in the cornea, where healing requires two forms of corneal endothelial cell movement; migration of individual cells as well as spreading of groups of cells into the wounded area (Joyce et al., 1995) . Consistent with our results on the ratio of LOX and COX metabolites being important in the regulation of spreading and migration is the observation in that work that the addition of PGE2 to corneal wounds increased healing by cell migration, but suppressed healing by cell spreading. It has also been noted that COX is overexpressed in some types of cancers (DuBois et al., 1996; Tsujii et al., 1997; Dore et al., 1998; Tsujii et al., 1998) , which is better understood with respect to the data presented herein by inferring that malignantly transformed cells exposed to a constitutively elevated level of prostaglandins would tend to more easily undergo metastatic tumor cell migration. In conclusion, it appears that regulation of cell spreading and migration in adhesion in vitro, and possibly adhesion or wound repair in vivo, are regulated in part by mass action of metabolites, i.e., the concentrations of AA, LTs, and PGs produced, respectively, by PLA2, LOX, and COX.
